An experimental investigation of acoustic mode noise suppression was conducted in a cavity using a digital controller with a linear control algorithm. The control algorithm was based on flow field physics similar to the Rossiter model for acoustic resonance. Details of the controller and results from its implementation are presented in the companion paper by Rowley, et al. Here the experiments and some details of the flow field development are described, which were done primarily at Mach number 0.34 corresponding to single mode resonance in the cavity. A novel method using feedback control to suppress the resonant mode and open-loop forcing to inject a non-resonant mode was developed for system identification. The results were used to obtain empirical transfer functions of the components of resonance, and measurements of the shear layer growth for use in the design of the control algorithm. 
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Nomenclature

Introduction
Over the last few years new methods for controlling acoustic tones in aircraft weapons bays have received an increasing amount of attention. A variety of different active and passive control techniques have been used to suppress acoustic tones in cavities under compressible flow conditions, in an attempt to improve upon the noise suppression provided by conventional fences and spoilers. Without any suppression technique sound pressure levels of cavity tones often exceed 160 dB, even at moderate subsonic Mach numbers 2, 3 . The large amplitude tones may lead to structural fatigue in aircraft components and the ordnance carried on board. In addition to structural fatigue, measurements of drag have shown 250% increase in cavity drag as a result of the resonance 4 .
To suppress the resonant tones, modern aircraft deploy passive devices when the bay doors open, such as porous fences along the leading edge of the cavity. Because the fundamental physics of the suppression device interaction with the cavity resonance mechanism and cavity flow is not fully understood, the design of the noise suppression device is based on prior experience and/or trial and error.
Furthermore, the devices that suppress acoustic tones are known to affect the internal time-averaged flow patterns within the cavity, which can have either favorable or adverse affects on store separation characteristics depending on flight conditions. The trend toward lighter and more sophisticated ordnance increases the need for better understanding of actuator interaction with the flow environment in the cavity. The "cavity problem" is a challenge for flow control, because of the changing flow conditions during flight and the coupling of the cavity flow with store separation characteristics 5 .
In the first year we selected one type of flow state sensor (Kulite pressure transducer) and one type of actuator with zero net mass addition. Comparisons of different types of control systems were made to determine their efficacy in suppressing tones. The simplest was an analog control system with a manually adjusted gain and adjustable phase in the feedback loop. Digital controllers with various programmable algorithms, and an adaptive controller followed.
Rossiter 6 provided a description of the basic flow physics responsible for the resonance mechanism. As shown in Fig. 1 , resonant modes may occur when the time for vortical wave propagation (vortex convection) matches with the time for an acoustic wave to travel upstream through the cavity. Although the mechanism is overly simple in that it does not account for cavity depth effects, shear layer thickness effects, and cannot predict disturbance amplitudes, the Rossiter equation has been reasonably successful in predicting the frequencies that are likely to appear.
Even though progressively more sophisticated controllers were being used, the reduction in sound pressure level did not necessarily improve. Suppression levels of 18dB-20dB were typical. For example, as feedback gain was increased to suppress a specific mode the acoustic energy would reappear at other frequencies in the spectrum. This phenomenon is known as "peaking" in the combustion community, e.g., Banaszuk, et al. 14 . Increasing the feedback gain would produce sideband peaks of energy about the mode being suppressed, which is known as "peaksplitting." These two phenomena are illustrated for the cavity flow in Fig. 2 .
All types of control techniques interfere in one way or another with the resonance mechanism. The Rossiter mechanism provides a starting point for understanding how resonant tones may be controlled through interference. Passive spoilers placed along the leading edge of the cavity act by thickening the shear layer and relocating the shear layer reattachment point downstream of the cavity wall. The latter effect reduces the amplitude of the acoustic feedback wave. Active flow control techniques have been explored recently as possible replacements for the passive approach [7] [8] [9] [10] [11] [12] . The injection of fluid into the cavity with blowing-type actuators is believed to delay the reattachment of the free shear layer. Open loop forcing of the shear layer excitation at frequencies in the inertial subrange have been shown to suppress Rossiter modes by modifying the turbulent energy cascade. 12, 13 Using a control algorithm based on flow field physics has several advantages. First it provides a framework for identifying flow "modules" in the resonance process, such as receptivity, scattering, etc. This approach ultimately leads to a better understanding of the flow phenomena by providing models of each component.
Second, by using linear models the supposedly nonlinear effects can be isolated from linear effects. Third, the fundamental limits of controller performance can be determined. Knowledge of the fundamental limits on controller performance helps put an end to useless trial and error approaches. Finally, the linear model establishes a background for the introduction of more sophisticated low-order models, as discussed by Colonius 15 .
Passive and open-loop control techniques generally require large amounts of power either by an increase of cavity drag or through the actuator power requirements. This paper provides details about the experiments, and is the companion to the paper by Rowley, et al. 1 in which details of the control are described. The experiments had two purposes: first to obtain data for identification of gains and phase delays associated with the components of the control model, and second to test the performance of the flow physics based model. The experimental setup is described in the next section. The results are discussed in section 3, and conclusions can be found in section 4.
While the majority of recent work has focused on actuator development, equally important, but receiving less attention is the control algorithm. The potential benefits of using such an approach are an order of magnitude less actuator power requirement than open loop actuators, net cavity drag reduction, and adaptability to changing flight conditions.
Experimental Arrangement
The cavity control experiments were conducted in the Subsonic Wind Tunnel at the U.S. Air Force Academy. The wind tunnel has cross-section dimensions of 0.91m x 0.91m (3 ft. x 3 ft.) It is capable of speeds up to M = 0.6, although the drag of the cavity limited the maximum Mach number to 0.55. The cavity model is the same used in previous experiments 16 . It was mounted in the floor of the wind tunnel test section, and had dimensions for the width W = 0.38m (15 in.) , and length L = 0.51m (20 in .) The origin of the coordinate system was taken at the center, leading edge of the cavity with the x-axis in the streamwise direction. The spanwise coordinate is the z-axis, and the y-axis is normal to the plane of the cavity opening. Although the depth of the cavity could be varied, it was fixed in the present experiment at D = 0.096m (4 in.) giving an aspect ratio L/D = 5.
The cavity was instrumented with eight Kulite sensors (model XCS-093) positioned from the front wall to the rear wall along the centerline of the cavity. The signals were bandpass filtered through fourth-order Butterworth filters with a passband of 0.4 Hz to 2.2kHz. All analog signals were sampled at 6,000 samples/(second-channel.)
Two hot-film probes were used with a Thermo-Systems Inc. IFA anemometer system to record velocity fluctuations in the shear layer.
3a. Control hardware Both analog and digital control systems were used in the experiments. The analog control was a simple single input single output design with manually adjustable phase and gain on the feedback signal. The same system was used in previous experiments 17 , and provided a baseline for comparing the performance of control systems. The digital system allowed more flexibility in the control system design. Filters, time delays and gains could be set with much more precision and better repeatability than the analog system.
Analog Control
The single-input-single-output control used a Kulite pressure sensor as its input. The signal was narrow bandpass filtered about individual Rossiter modes with three Ithaco 4212 filters to create three feedback signals.
Each feedback signal was phase-shifted through a manually adjusted circuit. The three signals were recombined with an adding circuit, and then sent to a 900 Watt Fender power amplifier to drive the actuator.
Digital Control
Recent developments in digital signal processor (DSP) technology have made it feasible to transition sophisticated digital control algorithms from the laboratory into practical flow control applications. The small size of DSP's and their low cost are attractive features for applications on small aircraft. On board memory of order 100 kilowords and processing speeds at 75 mips are more than adequate to support algorithms fast enough to suppress tones in the kiloHertz range.
The digital control was built around a dSPACE ACE-1102 system, which simplifies programming of the DSP. A variety of different digital filters, plant models and control algorithms were programmed with Matlab  and Simulink
The models could be directly downloaded into the DSP, which then acted as a standalone controller. The effective time step (or equivalent sample rate) of the DSP limits the bandwidth of the digital system, and this will depend on size of the algorithm. Larger programs run more slowly. In the present experiment the upper sample rate was limited to approximately 10,000 samples/sec. All Rossiter modes to be suppressed were less than 1,000 Hz, so the dSPACE system was sufficient.
Actuator
The actuator for both analog and digital systems consisted of a pair of 500 Watt, 8-inch Pyramid loudspeakers. The loudspeakers were enclosed in an aluminum housing to equalize the pressure surrounding the speaker cone with the wind tunnel test section pressure. Pressure equalization was essential to obtain good performance from the actuator. The actual power required by the actuators varied from 1 to 53 Watts depending on specific flow conditions. The transfer functions for the pressure and velocity responses of the actuator were measured with a hot-film anemometer and Bruel & Kjaer microphone, and are shown in Fig.  3a and Fig. 3b , respectively. The cutoff frequency of the actuator occurs at approximately 500 Hz.
Results
4a. Shear Layer Development
The shear layer development over the cavity is one of the primary elements of the resonance process. It determines the convective speed of the vortices (vortical waves), the growth rates and saturation amplitudes of the vortical waves. The shear layer acts like a filter/amplifier to the broadband turbulence from the boundary layer and feedback noise. Tam & Block 18 discussed the importance of finite shear layer effects and incorporated it into their model of the cavity physics. They point out that shear layer growth rate is related to disturbance amplitude, and the two are coupled. Lacking detailed measurements they were forced to use an average value of the momentum thickness. Hankey & Shang 19 used disturbance growth rates from stability theory to predict the relative amplitudes of the Rossiter modes. Detailed measurements of a cavity shear layer were made by Kegerise 20 using hot-wire anemometers and a novel quantitative schlieren technique (optical deflectometry.) His experiments showed that the relative magnitudes of the Rossiter modes did not correspond to the predictions of linear stability theory, but were determined by the shear layer mode amplitudes at the downstream end of the cavity.
Measurements of the shear layer growth over cavities are somewhat limited. Sarohia 21 studied the flow over an axisymmetric cavity and found momentum thickness growth rates to be as high as dθ/dx = 0.022. Oster & Wygnanski 22 studied the development of free shear layers (without a cavity) under forced and unforced conditions. Their results showed the growth rate of the unforced free shear layer depends upon the velocity ratio r = U 1 /U 2 . As the velocity ratio varied from r= 0.3 to 0.6, dθ/dx decreased from 0.019 to 0.0085. In the case of a shear layer forced with an oscillating flap Oster & Wygnanski found three separate regions of momentum thickness growth. Region I has a linear growth rate that exceeds the unforced case. In region II the growth rate slowed or even became negative at high forcing amplitudes. From flow visualization they determined that the normal vortex amalgamations are inhibited in region II. The growth rate in region III became linear again at a rate close to that in region I as vortex amalgamations reoccur.
Hot wire measurements of the shear layer velocity profiles are shown in Fig.4 for x/L = 0.1 to 0.6. The ycoordinate is normalized by the vorticity thickness δ ω =(U 2 -U 1 )/dU/dy| max . The velocity deficit U(y)-U 1 was normalized by (U 2 -U 1 ), where U 1 was determined to be approximately 0.12U 2 by curvefits to the data. It is recognized that measurements of the low velocity region in the cavity are problematic due to the reversed flow. The corresponding r.m.s. velocity profiles are shown in Fig. 5 .
Growth of the shear layer is shown in Fig. 6a . Analog control was used to suppress the resonant mode by 7dB. Essentially negligible difference is found between the forced and unforced cases. The data show a region of near zero growth between x/L = 0.1 to 0.2, which is similar to region II found by Oster & Wygnanski. A comparison with free shear layer development (r=0.3) is made in Fig. 6b. 4b. Actuator input to shear layer Open loop forcing experiments were conducted at M=0.34 to determine the response of the shear layer and cavity system to changing input amplitudes. The shear layer response was measured with a hot-film probe at x/L = 0.031, y=0. The forcing frequency was fixed at 380 Hz. The linear response of the shear layer velocity responds to the voltage input to the actuator can be seen in Fig. 7a . The pressure response in the cavity relative to the velocity fluctuation level in the shear layer is shown in Fig.7b , and can be seen to have a nonlinear behavior.
4c. Shear layer The cavity resonance process will selectively amplify specific modes that grow until an equilibrium limitcycle state is reached. Since we are not conducting transient experiments, the data obtained occur with the shear layer in an equilibrium state. To be able to study the shear layer receptivity, the closed-loop control system is used to suppress the resonant mode. Simultaneously open-loop forcing with the actuator is used to inject a controlled disturbance at a frequency slightly detuned from the resonant mode.
The development of the open-loop mode is then followed around the resonance loop in the cavity. For example, at M=0.34 the principal resonant mode occurs at 340Hz. This mode is suppressed by 10dB with the feedback controller, and then the actuator is driven in open loop at 380Hz. The 380Hz mode is detuned from the Rossiter resonance mechanism, hence it is not selfexcited and does not saturate. Because the principal resonant modes are not completely suppressed, the detuned disturbances are developing on top of a flow field that is not in its pure base state. Nevertheless, as shown from the shear layer velocity profiles, the differences are not large between the suppressed state and the limit-cycle state. Fig. 9 . Unfortunately, the acoustic feedback at the open-loop forcing frequency is also present in the pressure transducer signal, which contaminates the results to some degree and may explain the large gain at 340Hz.
4e. Acoustic feedbackThe upstream propagation of the acoustic waves was divided into the "reflection" and upstream propagation.
The reflection is a measure of the wave propagating from the downstream edge of the cavity to the floor of the cavity. In this experiment the distance was 127mm. The gain and phase for this component of the resonant loop are shown in Fig.10 .
The transfer function for the upstream propagation of the acoustic waves in the cavity is plotted in Fig. 11 . A monotonic increase in the transfer function with increasing frequency is observed. It is not known why the rapid changes in amplitude appear at frequencies above 350Hz. Finer resolution in the open-loop frequency increments will be needed to resolve the issue.
4f. Receptivity Receptivity refers to the response of the shear layer to external disturbances, or to the conversion of acoustic disturbances into vortical waves in the shear layer. The shear layer receives input disturbances from at least three sources, namely the turbulent boundary layer, the feedback acoustic wave and the actuator. The boundary layer has a broad spectrum of vortical disturbances to drive the instability. In the cavity problem there is an additional input from the acoustic field to be considered. This includes the acoustic waves that feedback from the shear layer impinging on the downstream wall of the cavity. The third source in the case of control of cavity flows is from the actuator. The actuator introduces disturbances into the shear layer from the controller feedback path.
To obtain a measure of the receptivity transfer function it is necessary to separate the contribution from the actuator to the hot-film signal at the upstream end of the cavity. First the transfer function was computed with the pressure signal in the upstream wall as input, and the hot-film probe velocity signal at x/L = 0.031 as output. Next the output of the actuator was computed using the feedback voltage signal and the actuator transfer function to obtain the term to be subtracted from the first transfer function. The results are shown as the gain and phase corresponding to the open-loop forcing frequencies in Fig. 12. 
Conclusions
Hot wire measurements of the shear layer development over a cavity showed similarities with forced free shear layer measurements.
For comparison closed-loop control was used to suppress the resonant mode by 7dB, and no significant differences in shear layer development were found.
A novel approach to measuring transfer functions of the various flow components that make up the cavity resonance mechanism was attempted. Using
Rossiter's 11 model for resonance as a guide, the cavity flow was decomposed into five components representing 1) vortical waves in a shear layer, 2) scattering of vortices from the downstream edge to produce pressure waves, 3) reflection of the acoustic wave to the floor of the cavity, 4) upstream propagation of the acoustic wave through the cavity to the upstream wall, and 5) receptivity of the shear layer to the pressure waves. Closed-loop control was used to suppress the cavity resonance by 10dB. Simultaneously, open-loop forcing was used to introduce a new frequency into the shear layer. The response of the cavity components was documented in the form of transfer functions with phase plots as functions of the forcing frequency. 
